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1.	 INTRODUCTION

It is known that the metal nanoparticle shows many differ-
ent characteristics from the bulk materials. One of the 
characteristics is to increase the influence of the surface 
energy on the stability of the condition. The ratio of metal 
atom existing on the surface increases with the decrease 
of the particle radius, and the stability of the condition is 
not determined by the volume free energy but the surface 
energy. It displays some characteristics, such as the 
drastic depression of the apparent melting point, the 
improvement of the activity of the catalyst, etc. On the 
other hand, the increment of the surface area with the 
size miniaturization favors an easy aggregation of parti-
cles, an easy oxidation, and an easy sedimentation of 
particles. The size and the stability of each particle are 
needed for the utilization of the metal nanoparticle. 

The synthesis of metal nanoparticles and the optimiza-
tion of the size have progressed recently and the conduc-
tive materials to be utilized in the printing electronics are 
being developed. The gold, the silver and the copper are 
investigated as the conductive material1)-3). We are inter-
ested in the copper, because it is cheap in cost and has a 
high resistance to the ion migration4). It is well known that 

the sintering behavior of the copper nano particles is 
affected not only by size but by the surface state or by 
the oxidation degree. The copper nanoparticles are 
required to sinter and to prevent them from oxidation at 
the same time in the case of using as the electric conduc-
tive material during the heating process. The sintering 
between particles decreases the electric resistivity 
because of the forming the conductive path, but the oxi-
dation of the particles increases the resistivity. A lot of 
researchers pursued capping the copper surface with the 
organic protecting materials to prevent it from the oxida-
tion. The process needed to sinter the particles in a 
reducing atmosphere such as the hydrogen or the formic 
acid atmosphere5), 6) , following to remove the organic pro-
tector on the surface by oxidation sintering efficiently. 
However it is shown that there are some problems to use 
the hydrogen or the formic acid in the practical use or the 
safety perspective, and the cost is high to build a specific 
sintering furnace and the exhaust apparatus.

Among its characteristics, in Furukawa Electric the 
development of a copper nanoparticles is being advanced 
to adopt to reducing atmosphere less sintering by reduc-
tion of the surface protecting agent on particles. Our 
developed copper nanoparticles are expected to provide 
the high electric conductivity by utilizing the copper 
nanoparticles paste combined with the solvent having the 

1.	 INTRODUCTION

It is well known that the metal nanoparticle features a melting point depression 
as opposed to the bulk metal material because of the size effect. It is possible 

for the metal nanoparticle to sinter at a relatively low temperature and we are interested in the 
metal nanoparticle as a conductive material for the printeded electronics applications. This 
study investigated the effect of the surface state of the copper nanoparticles and the polyol 
decomposition on the copper nanoparticle sintering process using the copper particle because 
of its advantageous cost and the polyol as the typical solvent. When the oxidation degree of the 
copper nanoparticle was low, the ketones were detected as the decomposition material, and 
since the ketones have a weak reduction capability, the effect of the nanoparticle on the sinter-
ing of the copper nanoparticles was low. However, in the case of the higher oxidized copper 
nanoparticles, the carboxylic acids were detected as the decomposition material, which had a 
leaching effect and the copper oxide was reduced in association with the decomposition pro-
cess, the effect on the sintering of the copper nanoparticle was high. The optimization of the 
oxidation degree of the copper nanoparticle and the interaction between the oxidized copper 
nanoparticle and the polyol accelerated the grain growth of the sintered particles and the elec-
tric resistivity decreased. The crack in the obtained sintered film decreases. The oxidation 
degree is one of the most important factors for the development of the copper nanoparticles in 
the future.
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reduction capability. 
This paper reported the analysis of the sintered process 

on the copper nanoparticles, which had the different sur-
face state and the degree of oxidation, and the polyol 
was used as the solvent because of its reduction capabil-
ity. In the previous study, it was effective to use the cop-
per nanoparticle paste composed of the copper nanopar-
ticle and the polyol system for sintering the copper 
nanoparticles, because the polyol was decomposed at 
low temperature with the catalysis effect of the copper7). 
However the mechanism of the above reaction is still 
unknown, the effect of the reaction between the copper 
nanoparticles and the polyol on the sintering of the parti-
cle was investigated.

 2. EXPERIMENT

2.1	 Material
The copper nanoparticles used for the experiment were 
synthesized at the different conditions and the average 
radius, the degree of oxidation and the surface modifica-
tion amount (the content of carbon) on the particles were 
shown in Table 1. The average radius of the particles was 
measured with the scanning electron micrograph (SEM), 
the diffraction strength ratio of Cu2O (111) and Cu (111) 
measured with the X-ray diffraction (XRD)8) was evaluated 
as the degree of oxidation , and the surface modification 
on the particles was analyzed with the Infrared carbon-
sulfur absorption spectrometer.

2.2	 The Analysis of the Decomposition Process of 
the Solvent

The copper nano paste was prepared by the dispersion 
of the copper nanoparticles in the polyol solvent. The 
appearance of the paste was shown in Fig.1. The glycerin 
was used as the typical polyol in the experiment. The 
copper nanoparticles paste was picked in the pyro foil for 
heating and baked at several heating conditions, and the 
generating components were analyzed. The measure-
ment condition in detail was shown in Table 2.1 and 2.2.

The copper nano paste was coated on the glass sub-
strate to investigate the effect of the reaction between the 
copper particles and the polyol on the sintering of the 
particles. The coated paste was heated in the nitrogen 
atmosphere and the sintered film was obtained. We 
investigated the relationship between the electric resistivi-
ty of the sintered film and the sintered state measured 
with the SEM.

 3. RESULT

3.1	 The Analysis of the Thermal Decomposition of  
the Copper Nanoparticles With the Pyrolysis-gas 
Chromatography-Mass Spectrometry (Py-GC/MC)

The thermal decomposition components for the paste of 
the copper nanoparticles B detected with the Py-GC-MS 
at 160, 220 and 280℃ were shown in Fig.2. The ketones, 
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3.	 RESULT

2.	 EXPERIMENT

Figure 1	 Furukawa Electric copper nanoparticles.

Paste
Copper nanoparticle 

paste

Solvent Glycerin

Solid 
component

50 mass %

Atmosphere Nitrogen

Sintering time 10 min.

Sintering 
temperature

250℃

Table1	 Copper nanoparticles in detail.

No. Particle
Average particle 

diameter 
(nm)

Oxidation  
degree

(ICu2O/ICu)

Carbon 
content 

(mass %)

1 Nanoparticle A 23 0.15 0.66

2 Nanoparticle B 30 0.05 0.19

3 Nanoparticle C 20 0.51 1.45

4 Nanoparticle D 25 0.5 0.49

Table 2.1	 Condition of the pyrolysis (Py) measurement.

Apparatus
Japan Analytical Industry Co.

Curie Point Pyrolyzer 
JCI-22

Heating method High frequency induction heating

Sample weight 2 mg

Pyrolysis condition
160℃×15 sec
220℃×15 sec
280℃×15 sec

Carrier gas Helium

Preheating 150℃

Table 2.2	 Condition of Gas chromatography mass spectrometer 
(GC/MS) measurement.

Apparatus
Thermo Electron Co. 

TRACE GC ULTRA / TRACE DSQ

Column
Thermo Electron Co. 

TR WAX 30 m, 0.25 ml D=0.25 µm

GC program 40℃ (4 min) → 10℃ / min → 250℃ (10 min)

Ionization method Electron Ionization (EI) method

Ion source 
temperature

250℃

MS transfer line 
temperature

300℃

Detecting method Full Scan (m/z=33～ 500)
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the diol compounds and some kinds of carboxylic acids, 
other than the glycerin of the solvent, were detected in 
response to the heating temperature, and more types of 
the decomposition were detected with the elevation of 
the heating temperature. It was assumed that the glycerin 
was thermally decomposed in the presence of  the cop-
per catalyst and the organic materials were detected as 
the decomposition components because the activation of 
the copper nanoparticles increased with the elevation of 
the temperature. The relationship between the decompo-
sition behavior of polyol and the state of the copper 
nanoparticle was investigated including the previous 
study regarding the decomposition of the glycerin. 
According to the Hung’s report5), the polyol, such as the 
glycerin, tends to decompose to the ketones and the 
diols under the copper catalyst. On the other hand, the 
carboxylic acid was generated when the polyol was 
decomposed under the copper oxide catalyst, according 
to the B. Mane’s report9). The lactam compounds detect-
ed at high temperature of 280℃ in the measurement was 
assumed to be the decomposition of the surface modifi-
cation on the particles. The paste using the other copper 
particles was thermally decomposed at the same condi-
tion of the experiment and the decomposition compound 
was investigated. The results in each particle condition, 
investigated at 280℃ because a lot of amount and types 
of the decomposition compound at its temperature were 
detected, are shown in Fig.3. 

When the lower oxidized copper nanoparticle A and B 
were used, the main decomposition compound of the 
glycerin was the acetol. The copper nanoparticle B has 
the highest activity, according to the detected amount of 
the acetol and the types and the amount of the other 
decomposition.  Since the copper nanoparticle B had 
less amount of the surface modification than the copper 
nanoparticle A, we assumed that the surface modification 
influenced on the activity of the decomposition of the 
glycerin.

On the other hand, it featured to detect the acetic acid 
and the formic acid in the case of using the high oxidized 
copper nanoparticle C and D. The detected peak of the 
acetol was very small for the copper nanoparticle C 
which had high oxidation and a large amount of the sur-
face modification. However not only the acetol but the 
acetic acid and the formic acid were detected for using 
the particle D which had high oxidation but less amount 
of the surface mofidication. 

The activity of the copper nanoparticles was influenced 
from not only the oxidation degree but the modifier on the 
particles. A number of small peaks which we were not 
able to identify were detected in the analysis. Some 
material detected relatively large amount of peaks was 
found to be the intermediate on decomposition of the 
glycerin or the reacted material between the intermedi-
ates. Moreover we assumed that the small detected 
materials were generated from the impurities in the sol-
vent or the impurities in the particles.

The organic products generated from the decomposi-
tion of the glycerin were influenced by the catalyst effect 
of the copper oxide and the surface modification state on 
the surface of the particles. The decomposition rate has 
to be considered on the basis of the above two factors.

3.2	 The Kinetic Analysis for the Decomposition of 
the Polyol Solvent

The decomposition of the solvent was analyzed using the 
result of the Py-GC/MS. Since the result of the Py-GC/
MS is influenced by the change of the measuring environ-
ment, the absolute value is difficult to evaluate. We car-
ried out the semi quantitative evaluation using the amount 
of the acetol and the acetic acid for the Py-GC/MS 
results at the high temperature as the standard, which 
were common products to the copper nanoparticles 
paste. The temperature dependency of the absolute value 
of the detected amount was analyzed. 

The temperature dependency of the generation rate of 
the acetol and the acetic acid for each copper nanoparti-
cle was shown in Fig. 4 and Fig. 5, as the Arrhenius plot. 
The generation rate of the acetol was shown in Fig.4. In 
the case of lower oxidation of the copper nanoparticle (A, 
B), the generation rate of the acetol was higher at each 
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Figure 2	 The Py-GC/MS result of the copper (Cu) nanoparticle 
B sample.
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temperature, and the rate for the particle B was the high-
est among them. As for the temperature dependency, the 
generation rate was higher with the increment of the tem-
perature, but since the gradients of each plot in the 
decomposition reaction of the glycerin to the acetol were 
not different in various temperature, the mechanism of 
the decomposion reaction of glycerin was the same. In 
the case of the particles with high oxidation degree, the 
generation of the acetol decreased, especially the gener-
ation rate for the particle C with a lot of surface mofdifica-
tion decreased drastically at the lower temperature. This 
meant that the surface oxidation degree and the suface 
modification would influence on the decomposition reac-
tion.

Fig. 5 shows the generation rate of the acetic acid. The 
gradient on the plots was mild and we assumed that the 
activation energy of the acetic acid generation would be 
lower than in the acetol case and the generation rate of 
the acetic acid would be low. The generation rate using 
the high oxidized copper nanoparticle C was high at the 
high temperature and low at the low temperature. 
However in the case of the copper nanoparticle D with 
the high oxidation degree and a lot of surface modifica-
tion, the reactivity and generation rate tended to be low. 
According to the result of Fig. 4 and Fig.5, the gradient of 
the generation rate is the same for particles which had 
the different oxidation degree or surface modification 
amount. It was assumed that the generation mechanism 
of the acetic acid would be the same for each copper 
nanoparticle. However ,the ability to generate of the ace-

tol or the acetic acid was different from the oxidation 
state or the surface mofdification amount. 

In order to exclude the effect of the surface modifica-
tion amount, without the data for the large different sur-
face modification state, the reaction rate ratio between 
the generation of the acetol and the acetic acid at 280℃, 
where the reaction rate was relatively high, were plotted 
against the oxidation degree of the copper nanoparticles 
and the result was shown in Fig. 6. The ratio of the reac-
tion rate of the acetic acid / the acetol was increased with 
the increment of the oxidation degree. If the copper 
nanoparticle acted as the catalyst on the decomposition 
of the glycerin solvent, in the case of the low oxidation  
degree of the copper nanoparticle, the glycerin decom-
posed with the generation of the acetol, but in the case of 
the high oxidized copper particle, very close to the cop-
per oxide state, the glycerin inclined to decompose with 
the generation of the acetic acid, the acetol was prevent-
ed from generating. Even when the reaction started from 
the same material, it proceeded in the different direction 
under the catalyst of the copper nanoparticles. The oxi-
dation degree of the copper nanoparticle was one of the 
important factors to control the decomposition reaction of 
the glycerin.
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Figure 3	 Py-GC/MS results at 280℃ for various Cu nanoparticle samples. 
(�a: Acetol, b:Glycerin, c:Ally alcohol, d:Acetic acid, e:Propylene glycol, f:Dioxane-5-ol, g:2-pyrrolidone,  
h: Formic acid, i, j, k:Unknown m:Acetol acetate n:Vinyl acetate)



 4. DISCUSSION

4.1	 The Mechanism of the Glycerin Decomposition 
on the Oxidation Degree

The decomposition reaction process of the glycerin was 

different from under the copper catalyst or under the cop-
per oxide catalyst. In the case of the copper catalyst, the 
main decomposed product was the ketones, such as the 
acetol, and the ketones had the less reduction capability. 
It presumed that the reduction of the copper was occur-
ring with the hydrogen molecular or the hydrogen radical 
from the hydroxyl group of the glycerin. It was difficult to 
reduce the copper nanoparticles completely because the 
main generated products had the less reduction capability. 

In the case of the reaction under the copper oxide cata-
lysts, the decomposition product of the glycerin was the 
carboxylic acids, which had the leaching effect of the 
copper oxidation through the formation of the complex 
and the copper oxide was reduced by the further pro-
ceeding of the decomposition reaction, according to the 
Carvalho’s report10). The oxidation and reduction of the 
copper repeated until the acetic acid was consumed 
completely in the thermal reaction system and the sinter-
ing seemed to be accelerated. The chemical equation 
was shown below.

Cu+RCOOH+O2→Cu2O+RCOOH→Cu+ROH↑+ 1 −
2

 CO2↑

The reaction scheme between the decomposition of the 
glycerin and the different oxidation degree of the copper 
nanoparticles is shown in Fig.7, according to the analysis 
result and the previous study research .When the glycerin 
used in the experiment reacted under the copper 
nanoparticle catalyst, the dehydration occurred and the 
acetol was generated. The hydrogen radical generated 
from the dehydrogenation coordinated on the surface of 
the copper nanoparticle, the radical increased the activity 
of the copper nanoparticle surface and accelerated the 
sintering between particles. By contrast, the decomposi-
tion of the glycerin under the copper oxide catalyst, 
which is different from the copper catalyst, the aldehyde 
or the acetic acid was formed because the C-C bond 
cleavage occurred, and it presumed that the sintering of 
the particles accelerated more.
4.2	 The Effect of the Decomposition Component of 

the Glycerin on the Sintering of the Copper 
Nanoparticles

The relationship between the variation of the decomposi-
tion reaction of the glycerin and the oxidation state of the 
copper nanoparticles, the reduction of the copper and the 
sintering state of the copper nanoparticles were investi-
gated. The copper nanoparticle paste was prepared using 
the copper nanoparticles with two different degree of oxi-
dation and the solvent being the glycerin. The paste con-
taining 50 weight % of copper of the total paste weight 
was printed on the glass substrate with the squeegee 
method. The paste was spread uniformly at the thickness 
of 100 μm and was sintered for 10 min. at 250℃ in the 
nitrogen atmosphere. After sintering, the sintered film was 
cooled down to the room temperature in the nitrogen 
atmosphere. The sintered film was observed with the 
SEM and the result was shown in Fig.8
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Figure 6	 Effect of the oxidation degree on the formation rate of 
the acetic acid / acetol at 280℃ .
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Figure 4	 Temperature dependency on the acetol formation.
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Figure 5	 Temperature dependency on the acetic acid formation.
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The sintering performance of the high oxidized particle 
was compared with the low oxidized one. It was 
observed more grain growth of the sintered particle size 
on using the high oxidized particle comparing with the 
use of the low oxidized copper nanoparticle. The average 
diameter grew around 10 times after the sintering from 
the primary diameter of 20 to 40 nm before the sintering 
for the high oxidized copper nanoparticle. In the case of 
using the low oxidized copper nanoparticle, the sintered 
particle size grew around 4 times from the primary diame-
ter.

The crack of the sintered film was occurring with the 
shrinking of the film during the drying or the decomposi-
tion of the solvent by heating . It prevented the film from 
cracking in the case of using the high oxidized particle. 
Since the oxidation and the reduction were repeated with 

the leaching effect and the sintered particle size grew, the 
growth of the particle size made less crack. The degree of 
oxidation of the particle influenced the sintered state of 
particles and the forming of the sintered film.

The effect of the oxidation degree of the particle on the 
electric resistivity was investigated. The sintered films 
were made using the copper nano paste with the different 
degree of oxidation and measured the electric resistivity. 
The result was shown in Fig.9. The resistivity decreased 
with the increment of the oxidation degree and we suc-
ceeded to decrease to 3×10-4 Ωcm in the experiment. The 
purpose of the experiment was to compare with the parti-
cles with the different degree of oxidation  and we plan to 
get the sintered film with further lower resistivity with the 
suitable solvent formula or the particle size.
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Figure 8	 SEM images of the sintered Cu paste.
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Figure 9	Electric resistivity of the sintered Cu paste.
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Figure 7	 Schematic pathway of the glycerin decomposition reaction on Cu/ Cu2O catalyst.
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5.	 CONCLUSION 

The copper nanoparticle paste consisting of the copper 
nanoparticle and the glycerin was investigated. The glyc-
erin was decomposed with the copper catalyst effect and 
the decomposition improved the sintering ability of the 
paste. 

The mechanism of the decomposition reaction in the 
copper paste during sintering was clarified on the basis 
of the review of the previous study related to the decom-
position of the glycerin and the analysis of the decompo-
sition component for the heated copper paste containing 
the copper nanoparticle and the glycerin with the Py-GC/
MS.

The degree of oxidation of the copper nanoparticle 
influenced the decomposition process of the polyol used 
as the solvent and the generated products were different 
depending on the decomposition reaction path 

The different amount of the surface modification, influ-
enced the reaction rate of the decomposition of the poly-
ol.

According to the analysis result of the copper nanopar-
ticles with the Py-GC/MS, the oxidation of the copper 
nanoparticle dependence on the sintering of copper was 
investigated. In the case of the low oxidized copper 
nanoparticle, since the ketones of the main decomposi-
tion product of the glycerin and the solvent had the weak 
reduction capability, the sinter ability did not accelerate. 
As for the high oxidized copper nanoparticle paste, since 
the glycerin was decomposed to the carboxylic acids 
which had the leaching effect of the oxidation of copper 
through the complex formation and the reduction of the 
copper oxide in the further decomposition process, the 
sintering of the copper nanoparticle was accelerated. 

The interaction between the high oxidized copper 
nanoparticle and the polyol improved the growth of the 
sintered particle and the formation of the sintered film, 
the oxidation degree is the important factor for develop-
ing the copper nanoparticle.

REFERENCIES

	 1)	 Di,C., Yu, G., Liu,Y., Guo, Y., Wang, Y., Wu, W., Zhu, D. :Adv. Mater 
(2008), 20, 1286.

	 2)	 Lee, Y., Choi, J., Lee, K., Stott, N., Kim, D. :Nanotechnology (2008), 
19, 415604.

	 3)	 Kim, I., Kim, J., :J.Appl.Phys. (2010),108,102807.
	 4)	 Park, B., Kim, D., Jeong, S., Kim, J., Moon, J., :Thin Solid Films  

(2007),515,7706.
	 5)	 Zhiwei Huang, Fang Cui, Haixiao Kang, Jing Chen, Chungu Xia  

:Applied Catalysis A, General 366 (2009), 288–298.
	 6)	 T-Y. Dong et al.: Applied Surface Science, 255, 3891-3896 (2009).
	 7)	 S. Jang et al.: Scripta Materialia, 62, 258-2611 (2010).
	 8)	 Hiroya Miyauchi, Sadahiro Nakanishi, Jun Kawai, Tomohiko 

Nakamura, Takashi Yamamoto: Technical Report of Kyoto Prefectural 
Technology Center for Small and Medium Enterprises No. 36 (2008) . 
(in Japanese)

	 9)	 Rasika B. Mane and Chandrashekhar V. Rode :Electronic 
Supplementary Material (ESI) for Green Chemistry © The Royal 
Society of Chemistry 2012.

	10)	 W.A. Carvalho, M. Wallau, U. Schuchardt :J. Mol. Catal. A 144 
(1999), 91.

〉〉 Advanced Technology

Furukawa Electric Review, No. 48   2017      71  

Effect of the Surface State of Particle and the Polyol Decomposition on the Copper Nanoparticle Sintering Process

5.	 CONCLUSION 


